Indwelling medical devices such as catheters are a ubiquitous and indispensable component in modern medical practice for improving therapeutic outcomes for patients. Yet at the same time, they can be a cause of healthcare-associated infections contributing to patient morbidity and mortality, and healthcare costs. Other surface-related complications can also arise from interactions of the catheter with biological components in the in vivo environment. This review summarizes the progress made in the development of antimicrobial surfaces, and the application of surface modification strategies to three important classes of catheters: urinary catheters, intravascular catheters and peritoneal dialysis catheters.
Introduction
Implantable medical devices such as catheters, endotracheal tubes, orthopedic devices, and pacemakers have become an integral part of modern medical practice for saving lives or improving therapeutic outcomes. However, such devices are also risk factors for healthcare-associated infections (HAIs), which are defined as infections that patients develop while they are receiving care in a healthcare setting for another condition. 1 Infections associated with implantable medical devices constitute three of the five most common HAIs, which are surgical site infections, diarrhea caused by Clostridium difficile (C. difficile), catheter-associated urinary tract infections (CAUTIs), central line-associated blood stream infections (CLABSIs) and ventilator-associated pneumonia (VAP). 2 The United States Centers for Disease Control and Prevention (CDC) reported that there were over 700 000 cases of HAIs in US acute care hospitals in 2011, and more than 10% of the patients with HAIs died during their hospitalization. 3 The situation in Europe is just as serious, with over 4 million patients estimated by the European Center for Disease Control and Prevention (ECDC) to acquire a HAI in the European Union each year. 4 Comparable data from Asia are scarce but there are indications that rates are higher than in either the US or Europe. 5 HAIs, besides a major cause of morbidity and mortality, also impose a heavy financial burden resulting from prolonged hospital stay and treatment. It has been estimated that the annual costs attributable to the HAIs mentioned for US adult inpatients at acute care hospitals amounted to $9.8 billion (adjusted to 2012 dollars), with CLABSI being the most costly HAI on a per-case basis at about $46 000. 6 The high human and economic costs of HAIs have spurred international agencies such as the CDC and ECDC to increase surveillance and issue guidelines for prevention and control of HAIs. Among the findings of the 2016 CDC's Annual National and State Healthcare-Associated Infections Progress Report (2014 data) were a 50% decrease in CLABSI between 2008 and 2014 but no change in the overall CAUTI between 2009 and 2014. 3, 7 The National Healthcare Safety Network report of 2013 showed that urinary catheter utilization (defined as the ratio of device-days to patient-days) ranged from 0.48 to 0.75 in adult critical care units while the corresponding range for central line (also known as central venous catheters, CVCs) utilization is from 0.37 to 0.66. 8 In the US, about 300 million peripheral intravenous catheters (PIVCs), 9, 10 5 million CVCs and 30 million urinary catheters [11] [12] [13] are used annually. In view of the prevalence of catheters in healthcare institutions, prevention of infections attributable to these devices is an important goal to reduce HAIs. Depending on the function of the catheter and the needs of the patients, periods of catheterization may range from a few days to weeks and may even be on a permanent basis. It is well recognized that an important risk factor for catheter-associated infections is the duration of catheterization. [14] [15] [16] [17] [18] [19] Microorganisms can adhere to the surfaces of an indwelling catheter and subsequently colonize the device. These microorganisms may be either the patient's endogenous flora (e.g. from skin or mucous membranes) or from exogenous sources such as other patients, healthcare personnel, inanimate environmental surfaces or objects that have become contaminated. A review of 1022 outbreaks of nosocomial infection indicated that the most frequent source was cross transmission from individual patients followed by medical equipment or devices, the hospital environment, healthcare personnel, contaminated drugs, contaminated food, and contaminated care equipment. 20 
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Bacterial adhesion and biofilm formation on medical devices
When a medical device is placed in the body, host molecules such as ions and proteins will rapidly interact with its surface to form a conditioning film. [21] [22] [23] Planktonic bacterial cells migrate to the surface via Brownian motion, van der Waals attraction, gravitational forces, surface electrostatic charges and hydrophobic interactions, and adhere to the conditioning film. 21 In general, rougher and more hydrophobic surfaces are more prone to bacterial adhesion but the presence of the conditioning film may change the surface characteristics of the substrate. 24 The initial adhesion process is reversible, but with time as the adherent cells multiply, form microbial aggregates with the same or different species, and secrete extracellular polymeric substances (EPS), the process becomes irreversible. EPS comprise mainly polysaccharides, extracellular DNA and proteins. 25 The term ''biofilm'' is used to describe these aggregates of cells encased in the matrix of EPS on the device surface. 26 In most biofilms, the microorganisms account for less than 10% of the dry mass, whereas the matrix can account for over 90%. 26 Single cells or aggregates of cells may detach from the biofilm due to fluid shear, or as a result of internal biofilm processes, such as endogenous enzymatic degradation, or by the release of EPS or surface-binding proteins, and these released cells may proceed to colonize other sites. 26, 27 A schematic representation of the process of biofilm formation is shown in Fig. 1 . 28 The cells embedded within the EPS of the biofilm are in an environment that is different from the planktonic state. 26 The biofilm-associated cells grow more slowly than their planktonic counterparts probably because the former are limited by nutrient supply and/or oxygen depletion. 27 The biofilm provides protection to the associated cells against a wide range of environmental challenges including host defenses and antimicrobial agents. Biofilm bacteria can be orders of magnitude less susceptible to antibiotics [29] [30] [31] as well as to commonly used hospital biocides like sodium hypochlorite, benzalkonium chloride, chlorhexidine and triclosan. 32, 33 Three mechanisms have been proposed to explain the generally higher resistance of biofilm bacteria to biocidal agents as compared to their planktonic counterparts. [26] [27] [28] In the first mechanism, the EPS matrix may serve as a barrier by physically impeding the transport of the antimicrobial agent or by binding and neutralizing the agent. Since it has been demonstrated that some antibiotics can penetrate biofilms and yet the bacteria in the biofilm are able to resist the effects of the antibiotics, 34 this mechanism cannot fully account for the observed resistance. The second mechanism may be related to the slow growth state of the bacteria in the biofilm which reduces their uptake of the antimicrobial agent which primarily targets dividing cells. It has been demonstrated that biofilm bacteria exhibit increased susceptibility to antibiotics with an increase in the growth rate. 34, 35 The last mechanism may be the existence of subpopulations of resistant phenotypes in the biofilm known as ''persisters''. These persister cells usually comprise about 1% in biofilms, and are likely to arise due to a state of dormancy, i.e. being metabolically inactive. 36 The association of biofilms with medical devices was established in the 1980s when investigators used electron microscopy techniques to examine the surfaces of intravascular catheters 37 and endocardial pacemaker leads. 38 Biofilm formation on indwelling medical devices and the associated decrease in susceptibility to antimicrobial agents have significant implications for public health. Microorganisms that are commonly involved in infections associated with selected indwelling catheters are given in Table 1 . 24, 39 These microorganisms may be bacteria or fungi, and may form monomicrobial or polymicrobial biofilms. Microorganisms growing in mixed species biofilms can have higher resistance and virulence. For example, a mixed species biofilm of Candida albicans (C. albicans) and Staphylococcus epidermidis (S. epidermidis) enhances the growth of the latter and increases its resistance to vancomycin. 40 An in vivo model of systemic intraperitoneal infection showed that infection with sub-lethal doses of C. albicans and Staphylococcus aureus (S. aureus) resulted in no mortality, but with the same doses, co-infection resulted in 100% mortality. 41 Device-related infections are notoriously difficult to treat due to the resistance of the biofilm microorganisms. While planktonic cells in the bloodstream during a device-related infection can be killed by antibiotics, biofilm bacteria frequently survive the treatment and the biofilm may not be eliminated from the infected device and reinfection can result. 42 In many cases, removal of the colonized device is necessary to eradicate a biofilm-related infection. 43, 44 In view of the difficulty in treating device-related infection, alternative approaches of preventing biofilm formation warrant serious consideration. Research on modification of the surfaces of implanted devices to inhibit microbial adhesion and colonization is actively being pursued, and some advances made in this approach for intravascular catheters, urinary catheters and peritoneal dialysis catheters and the challenges encountered are described in Section 4.
Catheter-related complications
In this section, the complications associated with urinary catheters, intravascular catheters and peritoneal dialysis catheters will be presented. While infections can arise with the use of all three classes of catheters, there are other complications that are specific to each class of catheter since they are used in different biological environments.
Urinary catheter
Indwelling urinary catheters are common medical devices utilized in hospitals and nursing homes to relieve urinary retention and treat incontinence. It has been reported that between 15% and 25% of hospitalized patients have a urinary catheter placed some time during their hospital stay. 45 However, the use of urinary catheters has been associated with urinary tract infections, and the greatest risk factor for catheter-associated urinary tract infections (CAUTIs) is prolonged catheterization. 46 The duration of catheterization varies from r4 days to 420 days, depending on the hospital and type of ward. [45] [46] [47] [48] In addition to hospitals, urinary catheters are frequently used in nursing homes. Catheter prevalence in nursing homes is reported to range from 5% to 22% of all residents, and on any given day, 80 000 to 352 000 of the approximately 1.5 million US post-acute care patients and long-stay nursing home residents have a urinary catheter. 49 Among catheterized patients, the incidence of CAUTIs is B5% per day. 50 Patients with CAUTIs suffer increased morbidity and possibly mortality, and such infections are collectively the most common cause of secondary bloodstream infections. 51 Due to this high incidence of CAUTIs, the overall cost for medical intervention is very high, accounting for an annual direct medical cost of $340-370 million in the US alone. 45 The American Urological Association recently published a study which showed that hospitalization due to catheter-associated complications has increased over a 10 year period from 2001 to 2010, and urinary tract infections were the primary diagnosis (87% in 2010) for admission. 52 As of 2008, Medicare (the US government's health insurance program for senior citizens and persons with certain disabilities) has stopped reimbursing hospitals in the US for CAUTIs that develop during hospitalization. 53 This has provided a new impetus for the development of strategies to combat CAUTIs.
Urinary tract infections are clinically categorized as uncomplicated if the affected individuals are otherwise healthy and have no structural or neurological urinary tract abnormalities (these primarily refer to bladder infections in young women). 51 On the other hand, complicated urinary tract infections are defined as those associated with factors that compromise the urinary tract or host defense or occur in men, and it is estimated that 70-80% of complicated urinary tract infections in the US are attributable to indwelling catheters. 51 The indwelling catheter not only provides a surface for microbial attachment, but the insertion of the catheter may also damage the protective uroepithelial mucosa, leading to the exposure of new binding sites for bacteria. Furthermore, the presence of the indwelling catheter in the urinary tract disrupts normal host mechanical defenses, resulting in unimpeded entry of microorganisms into the bladder. 54 The microorganisms causing CAUTIs may be endogenous such as perineal organisms or exogenous from contaminated equipment or hands of healthcare workers. The microorganisms can enter the urinary tract during catheter insertion or by migrating from the perineum in the thin mucous sheath on the catheter surface (extraluminal route). Alternatively, intraluminal contamination can occur when microorganisms gain access to the catheter lumen from a contaminated collection bag or catheter-drainage tube junction ( Fig. 2) . 55, 56 The extraluminal route has been reported to be dominant, accounting for 66% of identified CAUTIs. 56 Upon insertion of a urinary catheter, a host of urinary components, including proteins, electrolytes, and other organic molecules, deposit on the surface of the catheter resulting in the formation of a conditioning film. Planktonic bacteria adhere to the conditioned catheter surface, and over time bacterial multiplication and secretion of extracellular polysaccharide result in the formation of a biofilm. The biofilm protects the bacteria against antimicrobial agents and host immune responses, and its formation is crucial for the development and progression of CAUTI. 56 The common causative agents of CAUTIs are Escherichia coli (E. coli) (most prevalent), Enterococcus spp., Klebsiella pneumoniae (K. pneumoniae), Candida spp., coagulase-negative Staphylococci, S. aureus, Proteus mirabilis (P. mirabilis), and Pseudomonas aeruginosa (P. aeruginosa). 51, 56, 57 A major complication in patients undergoing longterm indwelling bladder catheterization is the formation of encrustations (usually composed of calcium and magnesium phosphates) on the surfaces of the catheter due to ureaseproducing uropathogens. 58 Urease catalyzes the hydrolysis of urea in urine to carbon dioxide and ammonia, resulting in an increase in pH. As urine turns alkaline, precipitation of hydroxylated calcium phosphate (apatite) and magnesium ammonium phosphate (struvite) is promoted in urine as well as on the catheter surface. 59 Colonization of these crystalline deposits by bacteria and entrapment of the crystals within the bacterial polysaccharide matrix result in the formation of a crystalline biofilm ( Fig. 3 ). These deposits can block the catheter lumen leading to bladder distension, reflux of urine to the kidneys or leakage around the catheter. If the blocked catheter is not changed, further progression to serious complications such as pyelonephritis, septicemia and septic shock may result. 51 The hard crystalline deposits can also cause trauma to the bladder mucosa and to the urethra on withdrawal of the catheter. 60 P. mirabilis is the bacterium mainly responsible for the formation of crystalline biofilms on urinary catheters. The urease produced by P. mirabilis is able to hydrolyze urea several times faster than those produced by other species. 58 The presence of fine hairlike fimbriae (adhesins) on the cell wall enables P. mirabilis to attach to conditioning films on the catheter as well as directly to catheter surfaces. Irregularities on the catheter surface also entrap bacteria. P. mirabilis has the ability to transform from 2 mm long cells into elongated cells of up to 80 mm in length which organize into raft-like groups moving rapidly in a coordinated manner (swarming) over surfaces. Evidence suggests that swarming may well have played a role in the initiation of CAUTI by facilitating the movement of P. mirabilis from the skin at the catheter-insertion site, along the outside of the catheter into the bladder. 58 
Intravascular catheters
Intravascular catheters, such as CVCs, peripherally inserted venous catheters, peripherally inserted central catheters (PICCs), intravenous catheters, arterial catheters, and umbilical vein catheters, are used to sample blood, monitor blood pressure or administer medicines, fluids, nutrients, or blood products. The major complications associated with intravascular catheters include thrombosis and infections. 61 Upon insertion into the bloodstream, the surface of the catheter is rapidly coated with host-derived matrix proteins such as fibrin, fibrinogen, fibronectin, collagen, elastin and laminin. 62, 63 A fibrin sheath, initially composed of fibrinogen, albumin, lipoproteins, and coagulation factors, forms within 24 h of insertion of the catheter. 64 It attracts platelets and coagulation factors and promotes leukocyte adherence as it continues to evolve over time. [64] [65] [66] The fibrin sheath ( Fig. 4) is one of the most common causes of thrombotic occlusion as discussed below. 67, 68 Microorganisms can also bind to the adsorbed proteins and start to colonize the medical device, forming a biofilm, as early as 24 h after catheter placement. 69 The microorganisms can infect intravascular catheters via an extraluminal route arising from the skin at the catheter insertion site or intraluminally from the catheter hub or less commonly from contaminated intravenous fluids. [69] [70] [71] The extraluminal route of infection predominates soon after insertion, whereas the intraluminal route predominates with prolonged dwelling times or in outbreaks. 70 A catheter-related bloodstream infection (CRBSI) is clinically defined as a systemic blood infection where the catheter has been identified as the source of the infection. 72, 73 The term ''CRBSI'' has often been used interchangeably with CLABSI, which is a term used by CDC's National Healthcare Safety Network to denote a primary bloodstream infection (BSI) in a patient who had a central line within the 48 hour period before the development of the BSI and that is not a bloodstream infection related to an infection at another site. 73 Since it may not be possible to precisely establish if a BSI is catheter-related due to the clinical needs of the patient or limited resources, CLABSI is simpler to use for surveillance purposes but it may overestimate the true incidence of CRBSI. 73 The incidence of CRBSIs varies with the catheter type as shown in Table 2 . 74 Among the intravascular catheters, the incidence of infection (defined as infections per catheter placed) of long-term CVCs is the highest due to the long period they remain in place. On the other hand, the incidence densities (defined as the number of infections that occur over the number of days that the line is in place) of these infections are lower indicating a reduced incidence over time. 74 The predominant microorganisms accounting for CRBSIs are the Gram-positive Staphylococci (S. aureus and coagulase-negative Staphylococci) and Enterococci, followed by Gram-negative bacilli E. coli, K. pneumoniae, Pseudomonas species, Enterobacter species, and Candida species. 69, 74, 75 Catheter occlusion can be due to mechanical causes (such as kinking), precipitation of medications or parenteral nutrition, or thrombotic events. 65, 67 It is estimated that catheter-related thrombosis occurs in up to 50% of children and 66% of adults with a long-term CVC, and this can lead to further complications such as increased risk of subsequent catheter infections, pulmonary embolism, post-thrombotic syndrome, and persistent vascular compromise. 67 Thrombotic events that may be associated with intravascular catheters are shown schematically in Fig. 4A . The fibrin sheath may cause a partial obstruction by creating a one-way valve over the catheter tip that allows the infusion of fluid but inhibits blood withdrawal. It may also lead to mural thrombosis. 76 A mural thrombus forms when fibrin from a blood vessel wall injury binds to the fibrin-covered catheter. 64 It can occlude the tip of the catheter, but does not completely occlude the vein in which the catheter is positioned, unlike venous thrombosis which occludes the vein. On the other hand, intraluminal clots, which account for 5-25% of all catheter occlusions, may cause complete catheter obstruction. 67 Since the blood-catheter interface triggers a complex series of events including protein adsorption, adhesion and activation of platelets and leukocytes, complement activation and coagulation, the physicochemical properties of the catheter material such as surface wettability and roughness may influence the propensity of thrombosis. 77 In general, a hydrophobic surface is more receptive to platelet adhesion, and rough material surfaces have microscopic crevices that may adsorb fibrinogen and permit platelet adhesion and activation of the intrinsic coagulation pathway. 64, 77 Earlier studies comparing polyurethane and other types of intravascular catheters indicate that the polyurethane catheter is more prone to thrombosis, and this is coincident with the rougher and more irregular surface of this type of catheter. [78] [79] [80] A detailed description of the interfacial processes occurring at the surface of blood-contacting medical devices, and associated thrombus formation, is given in a review by Jaffer et al. 81 Nevertheless, catheter-related thrombosis is a multicausal problem, and besides the catheter itself, the position of the catheter in the vascular system as well as the presence of malignancy in the patient are major risk factors. 82 The proteins within the thrombus, such as fibrinogen and fibronectin, can also attract bacterial species and enhance their adherence to the catheter surface, thereby increasing the risk of catheter infection. 62, 83 It is known that several specific adhesins expressed on the surface of S. aureus interact with a number of host proteins, such as fibronectin, fibrinogen, collagen, vitronectin and laminin. 84, 85 Bacteria can also interact with platelets, resulting in platelet activation/aggregation which subsequently leads to blood coagulation and thrombosis. [86] [87] [88] Thus, there is strong evidence that catheter-related thrombosis and infection are interrelated and should therefore not be seen as separate entities. 76, 89 
Peritoneal dialysis catheters
Peritoneal dialysis (PD) is a home-based dialysis treatment modality that has been established as an effective alternative to hemodialysis for patients with end-stage kidney failure. Its primary advantage compared to hemodialysis is that it offers the patient more flexibility in scheduling and self-autonomy. In PD, a catheter is inserted permanently into the peritoneal cavity for the introduction of dialysate solution and its subsequent drainage. The peritoneum acts as a filter allowing excess water and waste products from the blood to pass into the dialysate solution and be removed from the body. The prevalence of PD among the end-stage renal disease population varies widely among different countries. In the United States, PD accounts for only 7-8%, 90 and possible reasons include concerns regarding the patient well-being, infectious complications, level of physician comfort in dealing with a particular treatment modality, and subtle financial incentives. 91 On the other hand, Hong Kong has adopted a ''PD-first'' policy since the mid-1980s, and 70-80% of its end-stage renal disease patients are on PD. 92 The costs associated with PD were deemed to be lower than hemodialysis especially in developed countries. 93, 94 Two studies comparing the mortality of PD and hemodialysis patients indicated that PD is associated with lower mortality in the first 2 years of dialysis, 95, 96 although over time, the risk of death with PD equals or becomes greater than with in-center hemodialysis. 95 The success of PD is highly dependent on a well-functioning catheter providing long-term access to the peritoneal cavity. Thus, the PD catheter is considered the lifeline of patients but it also serves as a nidus for infection. PD catheter-related infection remains an important cause of morbidity, technique failure, and mortality. 97 Bacteria can gain access to the peritoneal cavity via the catheter lumen or infections at the catheter exit-site can lead to tunnel tract infection and peritonitis as the infectious process progresses from the skin towards the peritoneum. 98, 99 Peritonitis is a major complication of PD, being a leading cause of hospitalization and technique failure 100 and it has been deemed to be a contributing factor to 16% of deaths of patients on PD. 101 The average incidence of peritonitis among PD patients shows considerable variation depending on factors such as the location, PD technique employed, and patient category, ranging from 42 episodes per patient per year to o1 every 4th year. 102 Gram positive cocci such as S. epidermidis, other coagulasenegative Staphylococci, and S. aureus are the most frequent causative agents of PD-associated peritonitis. 39, 103 Fungal peritonitis is relatively uncommon but is associated with high mortality rates, in the range of 15 to 50% partly due to patient factors. 104 A history of previous bacterial peritonitis and prolonged treatment with antibiotics increase the risk of fungal infections. 104 Another complication that is commonly encountered in PD is catheter malfunction. It is estimated that catheter malfunction develops in 3.9-13.3% of patients. 105 Catheter malfunction can result from catheter migration or kinking, fibrin deposition, omental wrapping and intraperitoneal adhesion. Omental wrapping (Fig. 5 ) is a leading cause of outflow failure, [105] [106] [107] [108] [109] and surgical intervention is often required for catheter salvage or replacement. Studies on the laparoscopic salvage of peritoneal catheters have found an incidence of omental wrapping ranging from 57 to 92%. 109 The omentum, a fold of the peritoneum, plays a central role in peritoneal defense, absorbing bacteria and contaminants, and has the ability to adhere to areas of inflammation or foreign bodies in the abdomen such as a catheter. 110 Omental wrapping usually develops early (o30 days) after catheter placement. 105, 111 As a result of technique failure in PD arising commonly from peritonitis and catheter-related problems, or from patient choice, it is estimated that 10-20% of PD patients permanently transfer to hemodialysis each year. 112, 113 However, such transfer may also result in unfavorable outcomes and those transfer patients who commence hemodialysis with a CVC have a higher risk of mortality. 113 
Surface modification strategies to mitigate catheter-related complications
Since the insertion of a catheter into the body provides a surface for bacterial colonization and constitutes a risk factor for infection, there has been much research into the development of catheter surfaces that can potentially inhibit bacterial colonization. While the choice of the catheter material is often application dependent, polymeric materials such as silicone, polyurethane or latex are commonly used. Bacteria adhere readily to such polymers, and hence to prevent bacterial colonization, the surface of the catheter has to be modified to be anti-adhesive or bactericidal or both anti-adhesive and bactericidal. In this section, some strategies which can be applied for imparting polymeric surfaces with anti-adhesive and bactericidal properties will be first discussed followed by specific developments in urinary, intravascular and peritoneal dialysis catheters.
Anti-adhesive coatings
Bacterial adhesion to surfaces is a very complex phenomenon that is affected by the physicochemical properties of the surface and bacteria (e.g. hydrophobicity and surface charge) as well as the environment where the adhesion takes place (e.g. pH, the presence of proteins or electrolytes). 114 Anti-adhesive properties can be conferred on surfaces via modification of the chemistry or topography of the surface. This review will focus on chemical modification strategies. Since the adsorption of proteins on indwelling devices facilitates bacterial attachment and subsequent biofilm formation, anti-adhesive coatings are usually designed to resist protein adsorption. Two major classes of polymer coatings based on polyhydrophilic and polyzwitterionic materials ( Fig. 6A ) have been used for resisting protein adsorption and bacterial adhesion. 115, 116 It is believed that the anti-adhesive properties of these coatings are tightly correlated with the formation of a hydration layer near the surface, and this layer acts as a physical and energetic barrier preventing protein adsorption. 117, 118 The ''surface-bound'' water is associated via hydrogen bonding with the polyhydrophilic materials while zwitterionic materials bind water more strongly via ionic solvation. 115 When protein molecules approach a surface with tethered anti-adhesive polymer chains, the compression of these chains results in repulsive forces, and the expulsion of water molecules from the hydrated polymer chains creates osmotic stresses. 119, 120 Thus, the physicochemical properties of polymer chains, their packing density, chain length and conformation play important roles in determining the antiadhesive property of the coating.
Since bacteria are negatively charged in neutral media, positively charged surfaces are expected to increase bacterial adhesion over negatively charged surfaces. This was indeed the finding from a number of studies [121] [122] [123] although a lack of influence of surface charge on bacterial adhesion has also been reported. 124 The neutral hydrophilic polymer, poly(ethylene glycol) (PEG), and its derivatives are widely investigated as anti-adhesive coatings. 115, 125, 126 However, it has been reported that PEG chains exhibit weak hydrophobic interactions with proteins in aqueous solution, 127 and under in vivo conditions, the terminal hydroxyl group of PEG may be oxidized to aldehyde. 128 As a result, PEG may not be suitable as a long term anti-adhesive surface for in vivo applications, and other polymers are being investigated as possible alternatives. Zwitterionic polymers have attracted great interest since coatings prepared with these polymers exhibit stronger resistance to protein adsorption 127 and higher efficacy in inhibiting bacterial adhesion and biofilm formation than PEG coatings. 129 Investigators using a highthroughput material discovery methodology have reported that weakly amphiphilic poly(meth)acrylates also show resistance to bacterial attachment, and a pendant group with both a nonpolar nature and increased rigidity correlates with decreased bacterial attachment. 130, 131 Besides synthetic polymers, natural or modified polysaccharides such as ulvan, hyaluronic acid and agarose have also shown promise in inhibiting bacterial adhesion. [132] [133] [134] [135] Since an anti-adhesive coating does not kill bacteria and it is not likely that it can completely prevent bacteria from adhering, a few adhering bacterial cells can eventually form a biofilm. Thus, a combination of anti-adhesive and bactericidal properties may be necessary especially when high bacterial loading is expected.
Bactericidal coatings
Coatings with eluting antimicrobial agents.
Coatings with an eluting antimicrobial agent exert their effects by releasing the loaded agent over time ( Fig. 6B(a) ), killing bacteria or limiting their growth both on the surface of the coating and in the vicinity. A broad range of bactericidal agents have been investigated including antiseptics such as chlorhexidine and triclosan, antibiotics (e.g. rifampicin, nitrofurazone and minocycline), silver (ions and nanoparticles) and nitric oxide (NO). These agents target and disrupt different bacterial cellular processes and components such as inhibiting bacterial fatty acid synthesis (by triclosan 136 ) or protein synthesis (by minocycline 137 ), inhibiting bacterial RNA polymerase, the enzyme responsible for DNA transcription (by rifampicin 138 ) or causing disruption of the bacterial membrane (by chlorhexidine 139 or silver 140 ). Hence, combinations of agents are sometimes applied to increase the bactericidal effect. The simplest method to load these antimicrobial agents is via impregnation of the material with the agents, and upon subsequent exposure to a fluid environment, the agents will diffuse out. Impregnation of materials with antimicrobial agents can be carried out at different stages of preparation of the materials. Examples of commonly used methods include the incorporation of antimicrobial agents in objects made of polyurethane during the preparation stage; 141 or via a solution casting method whereby the material is dissolved in a suitable solvent and the agent is added followed by evaporation of the solvent; 142 or entrapment in preformed objects made of silicone using a solution of the agent in an appropriate solvent like chloroform to swell the object followed by removal of the solvent. 143 A potential problem with the impregnation method is the difficulty in controlling the release rate of the agent, which may be fast and the period of applicability will be correspondingly short. In order to achieve better control over the release of the agents, hydrogels or polyelectrolyte multilayers have been used to trap the agents. Coatings have also been designed to release the loaded agents when subjected to either acidic compounds from bacterial metabolism or bacteria-generated enzymes. A comprehensive description of these systems is given in recent reviews by Campoccia et al. 144 and Cloutier et al. 145 Bactericidal coatings which depend solely on one or multiple eluting agents have a number of limitations since the amount of agent(s) that can be loaded is finite. It is difficult to ensure that the concentration of the released agents can be maintained at an effective level throughout the period of application. With time, as the amount of agent in the coating diminishes, its release rate will slow down and the concentration of the released agent will eventually drop below the effective concentration. Once the surviving planktonic bacteria form a biofilm, the concentration of agent required to eliminate the bacteria may be orders of magnitude higher than that needed to kill the planktonic bacteria. Recent evidence suggests that frequent exposure of bacteria to sub-inhibitory concentrations of antimicrobial agents is likely to have an important role in the evolution of resistance. 146, 147 It is also possible that the subinhibitory level of antimicrobial agents can enhance bacterial attachment and biofilm formation by some bacterial strains. 148 Thus, it is a significant challenge to design coatings with release kinetics that can maintain the released antimicrobial agent within the concentration range sufficient to kill bacteria over the period of application but low enough to limit cytotoxicity for in vivo applications. 
4.2.2
Coatings with a surface-immobilized antimicrobial moiety. An alternative strategy to achieve a bactericidal surface is to anchor an antimicrobial agent on the surface (Fig. 6B(b) ). The covalent grafting of an antimicrobial agent onto surfaces is expected to provide longer term effects than the use of an eluting agent. Quaternary ammonium compounds (QACs) have been widely investigated for use as contact-killing coatings. [149] [150] [151] While the antibacterial mechanism of QACs has not been fully elucidated, it has been hypothesized that long cationic polymeric chains can penetrate the bacterial cell membrane, 152 and the membrane integrity may also be compromised when ion exchange occurs between the cationic surface charges and the mobile cations within the membrane. 153 QACs can be anchored onto surfaces via a number of approaches, for example, grafting of QACs with a silyl group onto hydroxylated surfaces, 154 graft copolymerization of 4-vinylpyridine on plasma-pretreated surfaces followed by quaternization of the grafted pyridine groups with an alkyl halide, 155 and atom transfer radical polymerization (ATRP) of 2-(dimethylamino)ethyl methacrylate on surfaces followed by quaternization. 156 Quaternary ammonium groups can also be introduced in chitosan, a polysaccharide derived from chitin, for fabrication into antimicrobial coatings. [157] [158] [159] Surface coatings with a high density of QACs are able to kill bacteria effectively in vitro. 156, 160 However, in the in vivo environment, the positively charged nature of such surfaces will likely increase protein adsorption and the antibacterial efficacy will be greatly diminished. 149, 160 Furthermore, the presence of dead bacteria on the surface will mask the functional groups, and a biofilm can form on these dead bacteria. A possible strategy to overcome this shortcoming of QAC coatings is to integrate antiadhesive and bactericidal moieties as illustrated by a coating comprising a zwitterionic polymer, poly(sulfobetaine methacrylate), and a bactericidal polymer, N-[(2-hydroxy-3-trimethylammonium)propyl]chitosan chloride 160 or a diblock copolymer of PEG and cationic polycarbonate. 161 Antimicrobial peptides (AMPs) or host defense peptides are produced by organisms such as plants, insects, and vertebrates as components of their innate immune system. 162, 163 AMPs are considered promising bactericidal agents due to their broad activity spectrum, efficacy at lower concentrations compared to QACs and antibiotics, and limited ability to promote bacterial resistance. [164] [165] [166] AMPs vary widely in composition but they generally have two common physical features: a cationic charge and a significant proportion of hydrophobic residues. 167, 168 With a cationic charge, the AMPs preferentially target negatively charged microbial cytoplasmic membranes over zwitterionic mammalian membranes and the hydrophobic residues facilitate interactions with the fatty acyl chains in the bacterial membrane. 167, 168 These interactions promote the disruption of the bacterial membrane, and additionally, some AMPs may have intracellular targets resulting in the disruption of the cell wall, and protein and nucleic acid synthesis. 167 AMPs have been immobilized on surfaces to provide an antibacterial coating. 164, [169] [170] [171] However, some investigations on the antibacterial efficacy of AMPs covalently conjugated to surfaces highlighted the importance of providing the conjugated peptide with lateral mobility and appropriate orientation for its mode of action on the bacterial membrane. 169, 170 Direct conjugation of an AMP, cathelin LL37, to a surface without a spacer resulted in no antibacterial activity. 169 Another study showed that immobilization via a longer spacer may result in less reduction in bactericidal activity than a shorter one. 170 Besides the spacer length, the manner in which the AMP is conjugated to the spacer also affects the bactericidal activity, as shown by LL37 randomly conjugated to a PEG spacer having no antibacterial activity in contrast to the peptide that is conjugated to the PEG spacer via its N-terminus. 169 The use of a hydrophilic spacer to conjugate the AMP to the surface also confers an antiadhesive property to the surface. This is an important consideration since the positively charged nature of AMPs like that of QACs is likely to promote protein adsorption onto the coated surface with subsequent loss of bactericidal activity in vivo. Thus, for antibacterial coatings in in vivo applications, a combination of anti-adhesive moieties and AMPs will be necessary and the proportions of each must be tuned for the respective in vivo environment. There are some potential limitations associated with the use of AMPs clinically such as enzymatic degradation in physiological fluids, the possible toxicity of AMPs toward host tissue cells and the high cost of production. 171, 172 
Coatings for urinary catheters
A number of trials have been carried out to test the efficacy of commercial antimicrobial urinary catheters in reducing the risk of CAUTI compared with standard indwelling catheters. A multicenter randomized controlled trial involving over 6000 participants requiring short-term (r14 days) catheterization compared commercially available silver alloy-coated latex catheters and nitrofurazone-impregnated silicone catheters with standard polytetrafluoroethylene-coated latex catheters. 173 The study concluded that the silver alloy-coated catheters were not effective in reducing the incidence of symptomatic CAUTI, and the reduction in CAUTI associated with nitrofurazoneimpregnated catheters was less than that regarded as clinically important. As such, the trial did not support the routine use of antimicrobial-impregnated catheters. 173 Another review of 26 trials involving short-term catheterization in 440 000 hospitalized adults also indicated that silver alloy-coated catheters were not associated with a statistically significant reduction in symptomatic CAUTI, and are considerably more expensive. While the nitrofurazone-impregnated catheters were shown to reduce the risk of symptomatic CAUTI and bacteriuria, the magnitude of reduction was low and not sustained, and hence may not be clinically important. 174 The nitrofurazone-impregnated catheters are more expensive than standard catheters, and also more likely to cause discomfort in the patients. 174 In view of the lack of success of commercial antimicrobial catheters, a number of groups are investigating different strategies for endowing the surfaces of urinary catheters with antimicrobial properties. A comprehensive summary of various organic and inorganic coatings developed for urinary catheters is given in a recent review by Mandakhalikar et al. 175 The vast majority of these coatings have not been tested in in vivo models.
Ciprofloxacin-eluting coatings have been prepared by immersing acrylic acid-grafted or poly(ethylene glycol) methacrylategrafted poly(vinyl chloride) urinary catheters in ciprofloxacin solution. 176 However, the release of ciprofloxacin can only be sustained for a few hours. 176 In another study, ciprofloxacin was loaded into liposomes entrapped in a PEG gelatin hydrogel coated on silicone catheters. 177 The release of ciprofloxacin was sustained for B7 days, and the median time for the development of bacteriuria in rabbits inserted with ciprofloxacincontaining hydrogel coated catheters was 6.25 days compared to 3.5 days for hydrogel coated and 3.25 days for untreated catheters. 177 Besides antibiotics, coatings containing antiseptics were also fabricated for urinary catheters. Chlorhexidine mixed with ethyl cellulose and polyethylene glycol to a final concentration of 1% was applied as a coating on urinary catheters, which were then inserted into dogs and left in place for 1 to 7 days. 178 Over this period, the coated catheters exhibited reduction in biofilm formation. 178 In another study, urinary catheters were impregnated with a mixture of two antibiotics, rifampicin and sparfloxacin, and an antiseptic, triclosan. 179 The loading was carried out by swelling the catheter segments in a chloroform solution of the antimicrobial agents. Bacterial challenge was carried out by inoculating the catheter with a dose of bacteria each week under flow conditions. While the control catheters were colonized within 1 day, the impregnated catheters withstood the challenge for 2 to 412 weeks depending on the bacterium. 179 However, the safety of triclosan has come under scrutiny over concerns that it may be associated with antibiotic resistance, 180 disruption of thyroid hormone homeostasis 181 and promotion of liver tumor growth. 182 Silver is known to be a potent antimicrobial agent although commercial silver alloy-coated urinary catheters have not been shown to be effective in reducing symptomatic CAUTI. As such, research has focused on the development of other means of coating silver on urinary catheters. Urinary catheters coated with 8-21 nm silver nanoparticles (AgNPs) by immersing the catheter in an AgNP suspension for 24 h showed a 80-90% reduction in biofilm formation by different bacteria in vitro as compared with the uncoated catheter over 24 h. 183 Ag/TiO 2 nanocomposite coated silicone catheters were fabricated by immersing TiO 2 -coated catheters in AgNO 3 solution under UV irradiation. 184 These catheters were reported to achieve a killing efficacy of 99% of bacteria in contact with the surface within 20 to 90 min depending on the bacterium. 184 Since these two studies were conducted over short periods of time, the antibacterial efficacy of these AgNP coatings over the duration of application expected for urinary catheters is unknown. Another study attempted to provide a sustained release of silver over weeks by means of a micron-scale coating comprising AgNPs-polydopamine multilayers and an outer anti-adhesive poly(sulfobetaine methacrylate-co-acrylamide) (poly(SBMA-co-AAm)) layer (Fig. 7A ). 185 The outer poly(SBMA-co-AAm) layer prevents the deposition of a conditioning film and ensures free diffusion of the silver from the coating. While the poly(SBMAco-AAm) coating alone can reduce bacterial adhesion and biofilm formation by 492% for P. mirabilis, 494% for P. aeruginosa and 496% for E. coli compared with that on the pristine silicone catheter, with added AgNPs, (P2 and P3 catheters in Fig. 7A ) colonization of the urinary catheter by these uropathogens can be further reduced (Fig. 7B) . The coated catheter with one and two AgNP-polydopamine bilayers (P2 and P3 in Fig. 7A , respectively) resisted encrustation in artificial urine spiked with P. mirabilis for 12 and 45 days, respectively, compared with B6 days for the commercial Dovert silver-coated catheter.
After 7 days, the surface of the Dovert catheter was covered by a crystalline mass, while those of the P2 and P3 catheters remained relatively free of deposits (Fig. 7C) . Only B14% of the silver in the Dovert catheter was released before encrustation occurred, while the corresponding amount released from the P3 catheter was 50%. 185 Thus, unless the rate of silver release can be sustained at a high enough level to kill P. mirabilis in urine, the presence of silver on a urinary catheter is insufficient to ensure that encrustation can be inhibited since the surface can be rapidly covered by crystalline deposits.
Although NO is a well-known antimicrobial agent that causes nitrosative and oxidative damage to bacteria, 186, 187 it would be difficult for catheters impregnated with NO to achieve long term antibacterial efficacy under dynamic urine flow. 188, 189 Since gaseous NO is highly reactive and short-lived under physiological conditions, NO donor molecules capable of efficiently storing and delivering NO locally, such as S-nitrosothiols (RSNOs), have been investigated as an active agent for incorporation into biomaterials. 189, 190 Commercial silicone urinary catheters have been impregnated via a solvent swelling method with S-nitroso-Nacetylpenicillamine (SNAP), a synthetic RSNO, and the impregnated catheters generate NO surface-fluxes 40.7 Â 10 À10 mol min À1 cm À2 for over one month. 190 The leaching loss of SNAP during the first week in PBS at 37 1C was reported to be 11%. Biofilm formation by S. epidermidis and P. mirabilis on the SNAPimpregnated catheter was reduced by B4 and 6 logs compared to the unmodified catheter after 14 days in a CDC biofilm reactor. Another RSNO, S-nitroso-tertdodecyl mercaptan (SNTDM), was found to have a lower leaching rate than SNAP after impregnation in silicone tubing due to its highly lipophilic character. 189 The impregnated tubing reduced the surface levels of S. aureus by 4 logs during the first two weeks, and by 3 logs after the third week. However, light and ethylene oxide sterilization reduced the SNTDM levels, and less than 10% of the loaded SNTDM remained after storage in a cupboard for 80 days compared to 75% when stored in a freezer. Thus, more work is needed to increase the stability and shelf life of RSNO-impregnated NO eluting catheters.
Recently, bacteriophages (or phages) have been used to pretreat catheters as a strategy to inhibit biofilm formation. [191] [192] [193] Phages can replicate inside bacterial hosts, causing cell lysis and release of phage progeny, which in turn infect neighboring bacterial cells. 191 Some phages also produce enzymes that degrade the EPS of biofilms. 194 Phage treatment of urinary catheters can be easily carried out by exposing the catheter lumen to a phage cocktail for a few hours. Phage pretreatment can achieve 4 log and 2 log reductions in biofilm formation by P. aeruginosa and P. mirabilis, respectively, over 48 h in in vitro experiments. 192 Phages from different families have a different adhesion strength on surfaces and this affects their release rate from the surface and long term efficacy against biofilm formation. 193 Crystalline deposits and the biofilm matrix itself may also inhibit the phages from infecting the target cells. 193 Efficacy may also be affected by other phagedependent factors, such as the production of depolymerases, the ability to penetrate the EPS matrix, 195 and environmental factors such as pH and ions. 196 Urinary catheters with surface-immobilized bactericidal moieties have been prepared with QACs, antimicrobial enzymes or peptides. Poly(2-methacryloyloxyethyl)trimethylammonium chloride was grafted onto silicone catheters via a 2-step process: (i) initial grafting of polydopamine-2-bromoisobutyryl bromide onto the catheter surface to serve as an ATRP activator, followed by (ii) the ATRP of [2-(methacryloyloxy)ethyl]trimethylammonium chloride under N 2 using a CuCl 2 catalyst and a tris(2-pyridylmethyl)amine ligand. 197 The coated catheter reduced biofilm formation by B50% and B75% for E. coli and P. aeruginosa, respectively, over 48 h. Quaternary ammonium and zwitterionic side chains have been incorporated into a copolymer and assembled on 3-aminopropyl triethoxysilane-pretreated silicone via electrostatically driven layer-by-layer assembly with poly(styrenesulfonate) as the polyanion to form anti-adhesive and antibacterial coatings. 198 Different configurations involving different fractions of zwitterionic groups in the copolymer, and the incorporation of a hydrogen peroxide-producing enzyme, cellobiose dehydrogenase, as a polyanion within the multilayers to supplement the bactericidal activity were tested. The coatings were stable for up to 10 days in water and in artificial urine, and the highest extent of reduction in adherent bacteria achievable was 53%. Cellobiose dehydrogenase has also been covalently grafted onto plasma-activated silicone urinary catheters using aminopropyl triethoxysilane and glutaraldehyde as linkers. 199 The immobilized enzyme was relatively stable in artificial urine over 16 days, retaining 20% of its initial activity. Over 7 days, the enzyme-coated catheter reduced S. aureus biofilm formation in an artificial bladder model by 70%.
AMPs have been immobilized on catheter surfaces via different conjugation methods. [200] [201] [202] Lasioglossin-III, a salt tolerant AMP, was chemically modified at the N-terminal with a cysteine residue, and immobilized via sulfhydryl chemistry to a PEG spacer coupled to an allyl glycidyl ether (AGE) brushgrafted silicone catheter. 200 The AMP-coated catheter reduced biofilm formation by E. faecalis and E. coli by 60% and 40% over 24 h, respectively. Two short arginine, lysine and tryptophan rich AMPs engineered from the C-terminus of a salt-resistant human beta defensin 28 variant template were conjugated to an AGE brush-grafted silicone catheter, and reduction in biofilm formation by E. coli, S. aureus and C. albicans was also demonstrated. 201 The same group also showed that an AMPcoated urinary catheter can be obtained via a simple method of dip-coating the catheter pre-coated with polydopamine in a solution of an in-house-designed synthetic AMP. 202 The AMP-coated catheters reduced overnight biofilm formation by B92%, which is slightly less efficacious than the Dovert silver-coated catheter.
Unlike the abovementioned coatings which are based on bactericidal and anti-adhesive properties, another strategy targets the quorum-sensing (QS) process involved in biofilm development. The QS process allows bacteria to communicate through specific signal molecules and coordinate their group behavior to form biofilms. 203 Thiazolidinedione-8 (TZD-8), an anti-quorum-sensing molecule, was incorporated into polymeric varnishes based on ethylcellulose and/or Eudragit s and painted on latex or silicone catheter segments. 204 The coating can be retained on the catheter for 8 days in PBS at 37 1C, and TZDcontaining ethylcellulose films can inhibit biofilm formation by C. albicans over 24 h by B60%. In another study, coatings comprising acylase, a negatively charged QS disrupting enzyme, were built on silicone urinary catheters using a layer-by-layer technique. 205 Silicone catheter segments were first treated with aminopropyl triethoxysilane solution to introduce amino groups on the surface followed by the deposition of the first enzyme layer and subsequently a positively charged polyethylenimine layer. A total of 10 bilayers were built on the catheter with the outermost layer being acylase. Using a dynamic model of a catheterized bladder, 205 the coated catheter was shown to reduce P. aeruginosa biofilm formation over 7 days by 45 to 80% (depending on the part of the catheter) compared to the untreated catheter.
Coatings for intravascular catheters
Two recent articles compared the effectiveness of antimicrobialimpregnated CVCs versus uncoated commercial catheters on bloodstream infections. 206, 207 In the first study, a randomized controlled trial was carried out with 1485 children admitted to English pediatric ICUs to compare commercially available CVCs impregnated with minocycline and rifampicin, or heparin, or a standard CVC. 206 The results showed that the primary outcome, time for the first bloodstream infection, did not differ between impregnated (antibiotic or heparin) and standard CVCs. However, reduction in the risk of bloodstream infections (a secondary outcome) was found to be lower with the antibiotic-impregnated catheters than with either heparin-impregnated or standard catheters. There was no significant difference between standard and heparin-impregnated catheters. The second study reviewed evidence from 57 studies carried out with 16 784 catheters and 11 types of antimicrobial impregnation in adult patients cared for in hospital settings. The antimicrobial catheters were mainly chlorhexidine-silver sulfadiazine, minocycline-rifampin/rifampicin, heparin or silver-platinum-carbon impregnated catheters. 207 The participants with impregnated catheters had 2% lower rates of CRBSI compared to those with standard nonimpregnated catheters, and there was a 9% lower probability of bacterial colonization on the impregnated catheters. However, the reduction in bacterial colonization was significant only in studies conducted in ICUs, and not in hematological and oncological units or in patients who required CVCs for longterm total parenteral nutrition. There were no significant differences between the impregnated and non-impregnated groups in the rates of thrombosis/thrombophlebitis or adverse effects at the insertion site. Current guidelines do not recommend the routine use of commercially available coated catheters for patients who require central venous access. A meta-analysis of 12 studies with a total of 2854 patients concluded that silver-impregnated CVCs are not associated with lower rates of bacterial colonization and do not reduce the incidence of CRBSI as compared to standard CVCs. 208 Recently, an ex vivo study showed that an antimicrobial coating based on a thin layer of noble metal (silver, gold, palladium) alloy developed by Bactiguard s has a lower hemolysis rate than the chlorhexidine-silver sulfadiazine coating. 209 The noble metal alloy coating also demonstrated lower potential for blood coagulation activation and 90% reduction in microbial adhesion compared to the unmodified surface.
The use of NO-releasing polymers for intravascular catheters is deemed promising since NO is not only an antimicrobial agent, but also a potent vasodilator and inhibitor of platelet activation 210, 211 that is released from vascular endothelium. 212 NO-releasing intravascular catheters have been fabricated by Meyerhoff's group via a dip coating process using stainless steel mandrels with SNAP in Elast-eont E2As polymer as the active layer sandwiched between the top and base coats of E2As. The E2As base and top coats were employed to reduce any initial burst of NO from leaching of SNAP from the surface of the catheters. 213 These catheters implanted in sheep veins for 7 days showed B70% reduction in the thrombus area and 90% reduction in bacterial adhesion compared to control catheters prepared without SNAP. Ethylene oxide treatment of the catheter under humid conditions resulted in a loss of 19% of the loaded SNAP. The same group also fabricated NO-releasing catheters using the Elast-eont E2As polymer with diazeniumdiolated dibutylhexanediamine (DBHD/NONO) and poly(lactic-co-glycolic acid) (PLGA) additives using a similar dip coating process. 214 The trilayer catheter comprised DBHD/NONO with various ratios of PLGA and E2As between the top and base coats of E2As. Hydrolysis of the PLGA additives with ester end groups produced lactic/glycolic acid species which balanced the production of a lipophilic DBHD amine byproduct from the NO release reaction and modulated the NO release at 40.5 Â 10 À10 mol min À1 cm À2 over 14 days. After 9 days of catheter implantation in the jugular veins of rabbits, the NO-releasing catheters reduced the thrombus area by a factor of 7 in addition to 95% reduction in bacterial adhesion.
Strategies to modify the surfaces of intravascular catheters with non-leaching moieties to inhibit bacterial colonization and thrombosis focused primarily on the use of anti-adhesive polymers. A zwitterionic sulfobetaine monomer, N,N-dimethyl-N-methacryloxyethyl-N-(3-sulfopropyl) ammonium, graft polymerized on an ozone-pretreated polyurethane vascular catheter improved the anti-thrombogenicity of the surface as shown by the inhibition of platelet adhesion after 2 h of exposure to platelet rich plasma. 215 In another study, the intraluminal and extraluminal surfaces of peripherally inserted central catheters (PICCs) were modified with zwitterionic polymeric sulfobetaine (polySB) via pretreatment with tert-butylperoxy 2-ethylhexyl carbonate followed by immersion in a polymerization solution of 10% N-(3-sulfopropyl)-N-methacryloxyethyl-N,N-dimethylammonium betaine containing 5 mM Fe(II) gluconate at 40 1C for 16 hours (Fig. 8a) . 216 Using in vitro assays with human and bovine blood, and a canine model, the polySB-modified catheters were shown to reduce platelet attachment and activation, and formation of thrombi compared to unmodified PICCs or commercial PICCs ( Fig. 8b-d ). Due to the anti-adhesive nature of the polySB coating, the number of adhering microorganisms on the surface of serum-preconditioned polySB-modified PICCs after 24 h showed a 97 to 99.9% reduction as compared to similarly treated unmodified PICCs (Fig. 8e ). Fig. 8 (a) PolySB modification of a PICC surface. The zwitterionic polySB modification coordinates both free and bound water molecules to create a hydrophilic surface. (b) Adherent platelet and (c) accumulated thrombus on commercial and polySB-modified PICCs exposed to bovine blood in a flow loop system for 60 to 120 min at 37 1C. PICCs were exposed to serum for 60 days prior to blood exposure. Data from serum-exposed polySB-modified PICCs were normalized to serum-exposed commercial PICCs. Methylcellulose (MeCe), a methylated polysaccharide, was deemed to have good anti-adhesive properties since it is hydrophilic, it contains primarily hydrogen bond acceptors, and its overall electrical charge is neutral. 217 A MeCe derivative with alkene groups was used to modify the septum and the catheter (made of silicone) of commercial totally implantable venous access ports (TIVAPs) via 1-step hydrosilylation in water. 218 An in vitro bacterial assay showed that after 24 hours of static contact, there was 2 log reduction in P. aeruginosa and S. aureus adhesion to MeCe-modified surfaces compared with the unmodified surface. Using a rat model with inoculated P. aeruginosa and S. aureus, 66 to 89% of uncoated TIVAPs lost patency due to clogging within 24 hours of biofilm formation whereas the corresponding figures for the MeCe-coated TIVAPs were 0 to 22% (depending on the bacterium).
Unlike the hydrophilic anti-adhesive polymer coatings described above, an omniphobic coating was developed as an alternate strategy to repel bacteria and whole blood. 219 Polymeric tubing and flat substrates were first pre-treated with oxygen plasma and then immediately immersed in 5% v/v tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane solution. The covalently tethered perfluorocarbon (TP) on the material surface was then coated with a thin liquid layer of perfluorodecalin (LP), a US Food and Drug Administration-approved blood substitute, to form a two-component tethered-liquid perfluorocarbon (TLP) coating (Fig. 9a ). Fresh human blood pumped through TLP-coated polyvinyl chloride (PVC) loops resulted in a reduction in thrombus weight by about 4-fold after 2 h compared to uncoated control loops. The anti-thrombogenic properties of the TLP coating were also tested in a pig model, which showed that in non-heparinized animals, 4 out of 5 control (uncoated) circuits occluded, whereas TLP circuits remained patent for 8 h (Fig. 9b ). Biofilm formation by P. aeruginosa (10 5 CFU mL À1 and incubated at 25 1C) in TLP-coated PVC medical tubing for up to 6.5 weeks was 8-fold lower compared to control tubing (Fig. 9c ).
Coatings for PD catheters
Unlike the large scale clinical trials conducted with antimicrobial urinary and intravascular catheters reported above, such trials with PD catheters are lacking. An early prospective randomized clinical trial of 86 patients showed that there was no reduction in catheter-related infectious complications when catheters pretreated with 5% tridodecylmethylammonium chloride were used in place of untreated catheters. 220 In another clinical trial with 195 patients, the placement of a silver ring on the catheter at the insertion site resulted in no reduction in the incidence of catheter-related infection relative to controls over a 12 month period. 221 Similarly, in another trial with 139 patients, silver-ion implanted peritoneal dialysis catheters resulted in no clinical effect in reducing dialysis-related infections compared to the unmodified catheters. 222 Combinations of antimicrobial agents rather than single agents have been tested in in vitro and animal models. Silicone tubing can be readily impregnated with rifampicin, trimethoprim and triclosan by swelling the tubing in a chloroform solution of 
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these antimicrobial compounds. 99 The combination of three antimicrobial agents was deemed to offer higher protection against the emergence of resistant strains than the individual agents. In vitro challenge to establish the period of antimicrobial activity under flow conditions was carried out with weekly inoculation of methicillin-resistant S. aureus (MRSA) and E. coli, and the results showed that plain tubing was colonized within 48 h while the antimicrobials-impregnated tubing resisted colonization for 90 days. In another study, catheters comprising silicone tubing impregnated with chlorhexidine/triclosan with two acrylic felt cuffs impregnated with chlorhexidine/silver sulfadiazine/triclosan were tested in vitro and in rats. 223 In vitro tests showed that the catheter segments demonstrated antimicrobial activity for 10 days against S. aureus and S. epidermidis, 5 days for E. coli and C. albicans and only 1 day for P. aeruginosa. The impregnated cuffs showed 410 days of inhibition against the Gram-positive organisms and at least 5 days against Gram-negative organisms and C. albicans. Implantation of the catheters in rats was carried out followed by inoculation of the exit site with S aureus. Seven days post-implantation, none of the impregnated catheters were colonized intraperitoneally whereas 100% of the control catheters were colonized. At the exit site, 12.5% of the impregnated catheters were colonized compared to 100% colonization of the controls. Over 24 days, the impregnated catheters resulted in no adverse effect on healing compared to the control catheters in non-inoculated rats. Surface modification of PD catheters to inhibit omental wrapping has also been carried out in vitro and in animal models. The performance of commercial regular peritoneal silicone catheters and commercial polyurethane catheters coated with heparin implanted in rats with daily infusion of PD fluid was monitored over 5 weeks. 224 By the end of this period, 57% of the animals with the regular catheter suffered from omental wrapping around the catheter tip whereas 20% of the animals with the heparin-coated catheter had the same problem. While the mechanism by which the heparin-coated catheter inhibited omental wrapping was not established, these catheters were reported to be less adhesive as compared with conventional silicone catheters. Covalent grafting of anti-adhesive coatings onto surfaces of biomaterials such as silicone and polyurethane has been investigated as a potential means to prevent bacterial colonization as well as omental wrapping of PD catheters. A tetraether lipid-based coating based on caldarchaeol isolated from the archaebacterium Thermoplasma acidophilum with additional functionalities to improve the anti-adhesive property has been developed. 225 The head-groups (hydroxyl groups) of caldarchaeol were first activated with cyanuric chloride and then reacted with silicone pretreated with aminopropyl trimethoxysilane. The cyanuric chloride group of the tetraether lipid monolayer on the silicone surface was further modified with PEG or negatively charged taurine or a combination of PEG and sultone. The lipid coating combined with PEG and sultone resulted in the highest reduction of colonization (80% reduction) of a mixed culture of S. aureus and S. epidermidis in a peritoneal dialysis medium under flow conditions for 20 h. The tetraether lipid-based coatings showed no significant cytotoxic effect, and did not significantly influence leukocyte, erythrocyte and platelet numbers or increased activation of the coagulation system compared to the commercially available polytetrafluoroethylene control.
Another potential anti-adhesive coating for peritoneal dialysis catheters is based on the natural polysaccharide, agarose. 134 Acrylated agarose (from the reaction of agarose with acryloyl chloride) was covalently grafted and crosslinked on oxygen plasma or ozone pretreated silicone sheets or PD catheter surfaces to form a coating of micron thickness (Fig. 10A) . In in vitro experiments, this coating achieved a B2 log reduction in S. aureus biofilm formation and B3 log reduction in E. coli and P. aeruginosa biofilm formation over 48 h compared to pristine silicone (Fig. 10B ). Cell and platelet adhesion and protein adsorption were also reduced by Z90%. To further improve the hemocompatibility of the coating and inhibit the activation of platelets, 2.6 mg cm À1 heparin was co-immobilized with agarose (Fig. 10C ). The amount of heparin was controlled since excessive amounts of heparin resulted in increased bacterial adhesion compared to that of the agarosegrafted surface. The coatings pose no significant cytotoxicity to mammalian cells, and are highly stable to frictional and bending forces, immersion in lysozyme aqueous solution for extended periods and autoclaving at 121 1C for 20 min.
Conclusion and perspectives
Microbial colonization of indwelling biomedical devices is a recognized major complication contributing to healthcareassociated infections. The three classes of indwelling catheters, intravascular catheters, urinary catheters and peritoneal dialysis catheters, are similarly plagued by this problem in addition to other problems related to their interaction with biological entities specific to the in vivo environment where they are used. Since these complications are related to the surfaces of the catheters, technology that can control the surface bioactivity without compromising the catheter design, material bulk properties and function would be a major advancement. So far, clinical trials with commercial antimicrobial catheters have shown a lack of success. For example, although silver is a wellestablished bactericidal agent, silver coatings were not shown to reduce catheter-related infections for all three classes of catheters. Unfortunately, the promising performance of other types of antimicrobial coatings under laboratory conditions was also not translated into clinical success.
A number of key factors must be considered in the design of indwelling catheter coatings which have to be biocompatible, antimicrobial and non-thrombogenic. For coatings with eluting agents, e.g. to either kill the microorganisms or disrupt their quorum sensing process, the coating has to maintain a high and yet safe concentration of the agents in the vicinity of the catheter throughout the duration of use of the catheter. This strategy is feasible only for short-term applications rather than for long-term indwelling catheters like the peritoneal dialysis catheter due to the limited capacity of the coating or catheter material acting as a reservoir for the agents. The immobilization of an antimicrobial agent on the catheter surface may prolong its activity as long as it is not masked by surface deposits. Since antiadhesive coatings cannot be 100% effective, any microorganism that managed to adhere will proliferate. On the other hand, biomolecules and dead microorganisms will accumulate on bactericidal coatings especially those containing cationic moieties. Thus, a combination of anti-adhesive and bactericidal moieties is likely to be more effective than either component alone but the proportion of the different moieties has to be carefully optimized for different biological environments e.g. blood versus urine.
While this review has focused on strategies for chemical modification of catheter surfaces to alleviate catheter-related complications, other non-chemical approaches such as those based on the modification of surface topography or use of acoustic energy or electrical current should also be further explored. Embossing the Sharklet micropattern on polyurethane has been shown to reduce bacterial colonization and platelet interactions after simulated vascular exposure. 226 Application of acoustic waves can reduce viable microbial counts on surfaces, diminish biofilm formation in vitro and prolong catheter sterility in a rabbit model. 227 However, certain levels of acoustic energy dose and/or frequency can lead to the opposite effect of promoting biofilm formation, illustrating the complexity of the phenomena. Passage of low electrical current through electrodes placed in the lumen of catheters on which a biofilm had been grown resulted in a reduction of the biofilm. 228 The safety aspects of this method as well as how it can be applied for preventing biofilm formation on both intraluminal and extraluminal surfaces of catheters have to be considered.
Laboratory tests to assess the efficacy of catheter coatings are usually carried out with short catheter segments over a few hours to a few days. The conditions of these tests do not reflect the complicated milieu encountered by catheters inserted into the body. Thus, it is not surprising that despite the myriad promising antimicrobial and non-thrombogenic coatings reported in the literature, coatings that can minimize complications from indwelling catheters clinically are still lacking. There is an urgent need for methodology for designing and executing in vitro and preclinical trials that can better mimic the actual conditions of application of these catheters. Furthermore, the feasibility of whether techniques developed for modifying short catheter segments or flat sheets in the laboratory can be economically scaled up to full length catheters covering both intraluminal and extraluminal surfaces is an important consideration. These challenges offer opportunities for innovation but to achieve advancement in this field, close collaboration is needed between materials scientists, biologists and clinicians to establish a better understanding of the multifactorial variables governing the behavior of different types of catheters in the in vivo environment, and to establish long-term in vivo models for studying how to mediate such behavior.
